Critical illness myopathy (CIM) and neuropathy are underdiagnosed conditions within the intensive care setting and contribute to prolonged mechanical ventilation and ventilator wean failure and ultimately lead to significant morbidity and mortality. These conditions are often further subdivided into CIM, critical illness polyneuropathy (CIP), or the combination-critical illness polyneuromyopathy (CIPNM). In this review, we discuss the epidemiology and pathophysiology of CIM, CIP, and CIPNM, along with diagnostic considerations such as detailed clinical examination, electrophysiological studies, and histopathological review of muscle biopsy specimens. We also review current available treatments and prognosis. Increased awareness and early recognition of CIM, CIP, and CIPNM in the intensive care unit setting may lead to earlier treatments and rehabilitation, improving patient outcomes.
Introduction
Critical illness myopathy (CIM), critical illness polyneuropathy (CIP), and the overlap, critical illness polyneuromyopathy (CIPNM), are the most common cause of neuromuscular weakness in the intensive care setting and a common cause of failure to wean from the ventilator. Bolton et al first described a small case series of patients with diverse causes for intensive care admission and subsequently for invasive ventilation, of which all of these patients progressed to flaccid quadriparesis, inability to wean from the ventilator and electrodiagnostic findings consistent with a severe motor and sensory polyneuropathy. 1 Although isolated CIP remains a controversial entity that is likely rare, the incidence of CIM and CIPNM is reported from 25% to 83% depending on the underlying critical illness. 2, 3 This diagnosis is typically entertained only when patients fail to wean from ventilatory support, and the true time of onset is often uncertain given concurrent encephalopathy, sedation, and possible paralysis. Up to 62% of patients who experience failure to wean from the ventilator have some form of neuromuscular weakness. 4 Common findings in neuromuscular ventilatory failure include decreased maximal inspiratory pressure (also known as negative inspiratory force) greater than À30 cm H 2 O, decreased maximal expiratory pressure less than 40 cm H 2 O, and decreased forced vital capacity less than 20 mL/kg. However, patients with respiratory failure for reasons other than neuromuscular failure may have the same abnormal values. In particular, Khalil et al did not find a difference in the maximal inspiratory pressure in those with neuromuscular failure and those with other underlying etiology for inability to wean from the ventilator. 5 Critical illness myopathy, CIP, and CIPNM not only affect respiration but also most other skeletal muscles.
Presentation varies slightly depending on the underlying disease process. Critical illness myopathy is characterized by more proximal than distal weakness, sensory preservation, and atrophy depending on the duration of illness. Critical illness polyneuromyopathy, on the other hand, is characterized by more distal than proximal weakness, sensory changes, and limited atrophy. Critical illness polyneuromyopathy in turn is characterized by a combination of proximal greater than distal weakness, distal sensory loss, and variable atrophy. Initial preservation of reflexes is common, but gradual loss will occur as weakness progresses in all types. Limitations in the clinical examination of patients in the intensive care unit (ICU) such as the use of sedating medications and intubation status may interfere with reliability. Importantly, bulbar musculature is rarely involved and patients may present with a profound quadriparesis with preservation of facial expression. 1, 2 
Diagnosis
The diagnosis of CIM, CIP, and CIPNM is made via electrodiagnostic studies. Although the differential diagnosis for weakness and ventilatory failure is broad, diffuse weakness of moderate severity warrants evaluation. In conjunction with evaluation for neuromuscular causes of weakness, other etiologies should also be explored. Nonneuromuscular cases for ventilator failure include primary pulmonary, cardiovascular, endocrinologic, and central nervous system diseases. 6 Other neuromuscular causes within the neural axis can present similarly including Guillain-Barre syndrome, Lambert-Eaton myasthenic syndrome, botulinum toxin exposure, and ongoing neuromuscular blockade that can be evaluated with train-offour testing (Table 1) . History and clinical examination may be able to differentiate between these disease entities as CIM, CIP, and CIPNM typically spare the bulbar muscles, lack autonomic instability, and do not result in pupillary changes. Proposed diagnostic criteria for both CIM and CIP are included in Table 2 . [7] [8] [9] Although part of the diagnostic criteria for both CIM and CIP, there are many technical challenges to completing nerve conduction studies and electromyography (EMG) in the ICU. Other electronic devices may result in 60-cycle artifact and obscure both nerve conduction and EMG results, thus providing technically inadequate studies for diagnosis. Despite ensuring unnecessary devices are removed from the testing environment, preservation of the technical standards remains challenging. Commonly encountered physiologic changes in the ICU including anasarca and hypothermia also introduce artifact by altering amplitude and velocity recordings for nerve conduction studies. Finally, the clinical status of the patient results in an inability to cooperate with EMG testing causes difficulties interpreting recruitment and interference patterns.
In CIM, the most common electrodiagnostic finding is reduced compound muscle action potential amplitudes, typically below 50% of lower limit of normal. 10 Some of these patients have increased action potential duration. These findings can be within 72 hours of admission, and on serial examination, these findings can worsen. 11 Sensory nerve action potentials are usually normal in CIM, and abnormal results may be due to coexistent neuropathy or common confounders in the ICU like temperature, edema, and recording site. 10 Decreased muscle membrane excitability is also typically seen in CIM. 12 Briefly, Rich and Pinter measured direct action potential of the tibialis anterior muscle with stimulation of the fibular nerve and direct muscle stimulation to evaluate membrane excitability. In cases of CIM, the ratio of maximal muscle action potential of the nerve stimulation to direct muscle stimulation was 1, and in CIP, the ratio was <0.5. 12 These results have been reproduced using similar but different techniques. 13 The slowing of direct muscle action potential is correlated with more severe CIM. 14 Standard needle electrode examination reveals positive waves, fibrillations potentials, or both in 71% to 100%. 10 The motor units are short with low amplitude and polyphasic.
In CIP, the findings resemble a length-dependent axonal polyneuropathy with loss of amplitudes of both sensory nerve action potentials and compound muscle action potentials without significant slowing. 10 These changes are worse in the legs than the arms and are typically bilateral, although they need not necessarily be symmetric. 10 The initial findings of CIP occur by week 2 of critical illness but have been reported as early as 72 hours from admission to the ICU. 15 Standard needle examination reveals fibrillation potentials and positive waves in distal and proximal muscles, which typically occur within 2 weeks of illness but can also be seen as early as 1 week. 10, 14, 16 Motor unit potentials demonstrate decreased recruitment and morphology changes consistent with the timing of the study. 14 Interestingly, fibrillation potentials can also be demonstrated within facial musculature. 10 Respiratory failure and inability to wean from ventilator support are common symptoms of the critical illness-acquired weaknesses, and examination of the phrenic nerve and diaphragm can assist with diagnosis. Diaphragm EMG can show fibrillations and positive sharp waves or reduced number of motor unit potentials. 17 Phrenic nerve conduction can demonstrate either prolonged latencies or reduced motor unit action potentials. 17 Limited diaphragmatic excursion during spontaneous breathing trials is consistent with diaphragmatic weakness but is not limited to weakness acquired in the ICU. 18 Although useful for diagnosis, diaphragmatic EMG remains technically challenging within the ICU setting.
With the known limitation of nerve conduction studies within the ICU, muscle biopsy may be useful for definitive diagnosis. Raghig et al describe a case series of 10 patients with a clinical diagnosis of CIM, CIP, or CIPNM, and pathological specimen was concordant with clinical diagnosis in 9 of the 10 patients and 3 cases where biopsy identified an underlying disease when clinical or electrodiagnosis could not. 19 The typical pathological findings in CIM include relative selective loss of myosin and loss of type 2 greater than type 1 fibers. 20 Amato and Russell describe and demonstrate common muscle biopsy features. 21 Muscle biopsy in CIP will demonstrate features of denervation and reinnervation with small muscle fibers, fiber-type grouping, and fiber group atrophy. 9 Nerve biopsy in CIP will demonstrate widespread axonal degeneration of both motor and sensory nerves. 9 Muscle biopsy in CIPNM can have features of both CIM, typically thick filament loss, and CIP, and denervation and reinnervation changes and nerve biopsy can have axonal degeneration. 9 
Epidemiology
The incidence of neuromuscular weakness in the ICU is specific to the underlying disease process, diagnostic criteria used, and timing of diagnostic evaluation. 22 The initial case reports demonstrated similar findings in patients with varying underlying pathologies-trauma, sepsis, respiratory failure. 1 In patients with status asthmaticus who require intubation and treatment with intravenous steroids, at least 33% will develop CIM. 23 In sepsis and systemic inflammatory response syndrome, the rate is much higher at 70%, and those with further complications of multiorgan dysfunction have reported rate of 100%. 24 Acute respiratory distress syndrome can also result in CIM/CIP with reported rates of 60%. 25 In all patients who receive mechanical ventilation for at least 4 to 7 days, the occurrence of CIM/CIP was 25% to 33% on clinical examination and up to 58% to 68% on electrodiagnostic testing. 3, 14 In pooled analyses of reports, Stevens et al report an overall rate of 46% diagnosis of CIPNM. 22 There are specific disease processes that increase the risk of CIM/CIP/CIPNM, and other disease variabilities can potentially increase the risk. Patients with CIPNM have higher blood glucose, and in a randomized trial of conventional (blood glucose target 180-200 mg/dL) and intensive (blood glucose target 80-110 mg/dL) blood glucose control, the conventional blood glucose had higher rates of CIM/CIP/ CIPNM-odds ratio (OR) of 2.6 (95% confidence interval [CI]: 1.6-4.2). 22, 26 There are conflicting data on the risk of renal replacement therapy and odds of developing CIM/CIP/ CIPNM. 3, 26 Female gender is an independent risk factor for the development of CIPNM. 3 Higher underlying disease burden, as demonstrated by higher Acute Physiologic and Chronic Health Evaluation III score and Sequential Organ Failure Assessment score, also have increased the risk of CIPNM. 27, 28 Mechanical ventilation has been studied extensively in relation to CIPNM. All studies except one demonstrate increased duration of mechanical ventilation in patients with CIPNM, and CIPNM has been shown to predict duration of mechanical ventilation and failure to wean. 22, [29] [30] [31] Because initial descriptions of CIM were in those receiving high-dose steroids and neuromuscular blockade, linkage of the disease to these medications was inferred. There are multiple studies examining the relationship between medications and CIM/CIP/CIPNM. Most of these do not demonstrate the increased risk of CIPNM with the use of glucocorticoids or 27, 32, 33 However, these results may not be widely applicable to the general ICU population given that they are specific to cardiothoracic ICU admissions for cardiac surgery.
Pathophysiology
Although CIM, CIP, and CIPNM are present similarly clinically within the same patient population, there are drastic differences in the underlying pathology. Interestingly, the electrophysiological changes found during testing can occur within hours of admission to the ICU. 34 Figure 1 represents a simplified view of the underlying pathophysiology of CIM, CIP, and CIPNM. 35, 36 Muscles and nerves are not isolated from the microcirculatory, cellular, and metabolic derangements that occur during critical illness. Critical illness myopathy is a heterogenous entity with differing pathologic subtypes-traditional CIM demonstrates myosin loss, fulminant acute necrotizing myopathy, and cachectic myopathy. [37] [38] [39] Acute necrotizing myopathy commonly has marked elevation in creatinine kinase and myoglobinuria. 37 Cachectic myopathy appears similar to disuse atrophy with marked wasting and biopsy consistent with type 2 fiber loss. 39 Although each subtype results in the same clinical phenotype, there is likely differing underlying pathophysiologic processes that have yet to be fully elucidated.
The more traditional CIM is defined by loss of the myosin and further breakdown of the contractile apparatus. [37] [38] [39] [40] This CIM will typically have normal to slightly elevated creatinine kinase values. 39 Experimental models have demonstrated denervated muscles exposed to high-dose corticosteroids will have selective thick filament loss, and the number of corticosteroid receptors is increased following denervation. 39 The process by which steroids result in these changes is not fully understood, and other toxins or physiologic stressors may be the cause of myosin loss including increased catabolic demands resulting in generalized muscle wasting. 41 There has also been demonstration of muscle fiber membrane dysfunction in CIM. Allen et al studied direct muscle action potentials with needle electrodes within the tibialis anterior muscle demonstrating normal nerve conduction velocities, but within a single muscle fiber, slowing of the conduction suggesting that muscle fiber membranes are unable to transduce signals. 15 It is uncertain if the abnormal sarcolemma conductance is the result of or cause of the resultant myosin loss. 39 This can, in part, be caused by the inactivation of sodium channels as demonstrated in animal models. 12, 42 The exact mechanism of axonal injury in CIP is unknown. One proposed mechanism of injury is microcirculatory changes associated with systemic inflammation. 20 Increased production of cytokines, nitric oxide, and other reactive oxygen species results in a change to anaerobic oxidation, 20, 22 which leads to changes in distal nerve ischemia and degeneration. 7 A second proposed mechanism of neuronal dysfunction in CIP is related to increased vascular permeability with increased leukocytes within the endoneurial space and formation of edema. 43 As with the central nervous system, hypoalbuminemia and hyperglycemia can worsen edema. 44 Additionally, sodium channel inactivation resulting in rapid hypoexcitability of peripheral nerves has been implicated in the pathophysiology of nerve dysfunction. 42 As mentioned in both CIP and CIM, there is inactivation of sodium channels and change in resting membrane potential. 12, 42 Coexisting CIP can potentiate the CIM that underscores the importance of potential denervation within the pathogenesis of CIM. 39 This supports the hypothesis that CIM and CIP are different clinical manifestations of the same underlying disease process. 45 
Treatment/Prognosis
Patients with neuromuscular weakness have increased length of stay and more ventilator-dependent days than those without. 9, 46 Nine of the 12 studies reported no difference in ICU mortality between patients with and without CIPNM, but hospital mortality was higher in 3 of the 7 reports. 47, 48 Mortality rates vary from 16% to 55%, and of those patients who do survive, most face significant chronic long-term complications. 24, 49 The chronic sequela following admission to the ICU is multifactorial, including psychological stress, pulmonary insufficiency, pain, and motor weakness as their primary functional impairment. 50 Twenty percent of patients diagnosed with CIM, CIP, or CIPNM have ongoing weakness or sensory changes at the time of discharge. 50 However, there are divergent recovery paths among the different diseases. Guarneri et al followed patients with electrodiagnostic diagnosed CIM, CIP, or CIPNM and found that 11 of the 12 patients with CIM had complete recovery by 6 months, but those with CIP and CIPNM had lower rates of recovery and less overall improvement-2 of the 7 with recovery. 50 The consistent theme that CIM recovers more quickly and more completely than CIP or CIPNM has been demonstrated many times. 3,50-52 On follow-up electrodiagnostic evaluation, those with isolated CIM do not have ongoing myopathic changes at 12 months or greater 51 On repeat electrodiagnosis for patients with evidence of neuropathy testing greater than 1 year from discharge, over 80% of patients have evidence of polyneuropathy. 51 Ongoing severe disability is reported between 14.2% and 66.7%. [50] [51] [52] [53] Those that will recover, the improvement is typically seen within the first 6 to 12 months. 3, [54] [55] [56] Recovery can continue for up to 24 months, as Intiso et al reported of those that have complete recovery, 23% occurred between 12 and 24 months. 54 The major risk factors for development of CIM, CIP, or CIPNM are systemic inflammatory response syndrome; sepsis; hyperglycemia; female sex; vasopressor administration; and mixed data on renal replacement therapy, steroids, and neuromuscular blockade. 1, 3, 22, 26, 27, 31 The treatment of sepsis is discussed in length elsewhere and beyond the scope of this discussion. 56 Of particular interest to treatment and prevention of CIM, CIP, and CIPNM is hyperglycemia, as tight glucose control remains the only intervention that has demonstrated a clinical benefit. Conventional glucose control versus intensive glucose control has an increased OR of 2.6 (95% CI: 1.6-4.2) of CIPNM diagnosis made by electrodiagnostic studies (52% vs 29%). 54, 57 Follow-up studies have demonstrated increased mortality in patients with strict normoglycemia protocols, and the appropriate management strategy remains debated. 58 As discussed in the pathophysiology section, there is an inflammatory response that may contribute to CIM, CIP, CIPNM, and treatment with immunomodulation has also been tried. Mohr et al's initial retrospective review found potentially improved outcomes with intravenous immunoglobulin (IVIG) treatment; however, a randomized control trial of IVIG in electrodiagnostic confirmed CIM, CIP, and CIPNM did not demonstrate any benefit and was terminated early. 29, 59 Research continues to demonstrate modulation of proinflammatory pathways may be beneficial; one of which, growth differentiation factor-15, may undergo further evaluation for the treatment of ICU-acquired weakness. 60 Although there are no randomized control trials published evaluating physical rehabilitation interventions in CIM, CIP, or CIPNM, early ICU mobility can decrease length of stay. 61, 62 Limited case series exist that evaluate physical therapy within the ICU on patients with ICU-acquired weakness. Ali et al describe 35 patients with intermittent physical therapy versus 19 patients who received 30 minutes a day for 5 days a week of intensive physical therapy. Of those with increased physical therapy time, 32% were ultimately discharged to home versus 11% in the intermittent group, whereas both groups had 57% of patients discharged to rehabilitation. 63 Nordon-Craft et al completed a similar 30 minutes a day for 5 days-a-week physical therapy evaluation on patients intubated for greater than 7 days and demonstrated safety and feasibility of the intervention. 64 Interestingly, other studies have looked at evaluating all patients in the ICU, and although early mobility and physical therapy in the ICU may improve short-and long-term functional outcome, there does not appear to be a change in the rate of ICU-acquired weakness. 62, 65 For patients who are unable to participate in physical therapy, evaluation of passive mechanical loading has demonstrated improved force generation but was limited by not characterizing underlying electrodiagnostic abnormalities. 66 Finally, direct muscle electrical stimulation within the ICU has shown less decrease cross-sectional area of muscle mass with stimulation for 30 minutes daily. 67 This was followed by a larger study of 52 patients who were randomized to 55 minutes daily of bilateral lower extremity electrical stimulation and demonstrated decreased rate of examination-defined CIPNM (12.5% vs 39.3%; OR: 0.22 [CI:0.05-0.92; P ¼ .04]), decreased weaning time (median 1 vs 3 days; P ¼ .003), and improved motor examination scores (median 55 vs 52; P ¼ .04). 68 Although there are limited treatments directed specifically at ICU-acquired weakness, it is important to anticipate and prevent complications of profound weakness. As with all immobilized patients, appropriate deep vein thrombosis prophylaxis is paramount. Although there are limitations on when prophylactic treatment can start, earlier initiation is preferred. Appropriate positioning of limbs to prevent pressure ulcer development as well as focal compression palsies is the critical preventative measure in this patient population.
Additionally, patients should undergo regular full skin evaluations for early ulcer development detection and treatment.
Although early nutrition initiation may not change the amount of muscle wasting that occurs during ICU admission, it has been shown to improve ICU outcomes. 69 
Conclusion
Given the prevalence of weakness in the ICU, recognizing neuromuscular etiologies of weakness is imperative to ensuring the best potential functional outcome for these patients. Thorough evaluation of causes for potential neuromuscular weakness is warranted to determine the appropriate treatment, and identification of systemic or medical causes of weakness has profoundly different treatment approaches than those secondary to CIM or neuropathy. Although clinical examination for neuromuscular weakness can be challenging in the ICU setting, the use of electrodiagnosis and in the appropriate clinical context, muscle biopsy, can help diagnose CIM, CIP, or CIPNM. These conditions may have overlapping clinical presentations, most commonly first recognized when patients fail to wean successfully from ventilator support. However, typical patterns of weakness can potentially be elicited at the bedside and may help distinguish between CIM and CIP in some cases. Although the prevalence of CIM, CIP, and CIPNM within the ICU depends in part on the underlying condition leading to intensive care admission, numerous studies have demonstrated that systemic inflammatory processes infer a higher risk of development. 14, 35, 41 Pathophysiologic differences in the underlying myopathy, neuropathy, or polyneuromyopathy seem to account for the variable prognosis and rate of recovery for patients.
Proposed treatments for CIM, CIP, and CIPNM initially focused on modulating the suspected inflammatory triggers, however, no randomized controlled trial has shown benefit for either IVIG or plasmapheresis for improved recovery in this population. More targeted approaches at selected inflammatory cascade pathways may provide a more suitable pharmacologic treatment approach in the near future. Nevertheless, early mobilization and early initiation of physical therapy consistently portends a better functional outcome for patients with confirmed CIM, CIP, or CIPNM in numerous limited studies. This remains a feasible and promising area for continued research to improve treatment options, and perhaps, system-based approaches to ICU bedside care may allow for further gains to be made with these treatment strategies. Ultimately, recognizing these conditions early and subsequently tailoring care remain the most important treatment aspect for CIM, CIP, and CIPNM.
